Introduction
Seismic attributes have been applied to seismic data since their inception. Volumetric dip and azimuth volumes can be very valuable interpretation tools (e.g. Chopra and M arfurt, 2007) . They are also the foundation for the structurally driven seismic attributes. Chopra and M arfurt (2007) mentioned in their book that Picou and Utzman (1962) introduced dip estimation into 2D seismic interpretation. Finn and Backus (1986) extended dip estimation to 3D as a piecewise continuous function of spatial position and seismic traveltime. Cerveny and Zahradnik (1975) introduced Hilbert transform and application into geophysics to calculate complex traces of seismic data. Luo et al. (1996) described method to estimate vector dip based on a 3D extension of this work. M arfurt et al., (1999) improved the estimation of 3D vector dip by smoothing with mean or median filters. In order to compensate for the blurring caused by such smoothing, Luo et al., (2002) , applied multiple analysis window (Kuwahara et al., 1976) to generate an edge-preserving smoothing algorithm. Later, M arfurt (2006) modified this approach for volumetric dip calculations where he used 3D rather than 2D overlapping windows.
One of the important application for volumetric dip is structurally driven coherence. Bahorich and Farmer (1995) published the first-generation 3-D seismic discontinuitycoherence, by calculating localized waveform similarity in both inline and crossline directions, to help distinguish faults and stratigraphic features in seismic interpretation. M arfurt et al., (1998) provided the second-generation, semblancebased coherency algorithm, which improved the vertical resolution. Gersztenkorn and M arfurt (1996, 1999) offered the third-generation, coherence based on calculating the eigenvalues and eigenvectors of the covariance matrix.
Volumetric dip and coherence
Geologically, we define a planar interface such as a formation top or internal bedding surface by means of apparent dips θx and θy, or more commonly, by the surface's true dip θ, and its strike, ψ (Figure 1 ). First, the algorithm estimates coherence using semblance, in this example in Figure 2 , the maximum coherence is calculated along the dip indicated by the red dashed line. The peak value of this curve estimates coherence, while the dip value of this peak estimates instantaneous dip. To improve the accuracy of the results, the multiple-analysiswindow (Kuwahara et al., 1976) and self-adaptive window are applied.
A schematic diagram showing the steps used in semblance estimation of coherence ( Figure 3 ). First, we calculate the energy of the five input traces (black curves) within an analysis window, then we calculate the average trace (red curves), and finally, we replace each trace by the average trace and calculate the energy of the five average traces. The semblance is the ratio of the energy of the coherent (averaged or smoothed) traces to the energy of the original (unsmoothed) traces. 
High resolution seismic attributes estimation using selfadaptive window
Since the dominant wavelength increases with increasing velocity which in turn increases with depth, attributes such as coherence benefit by using a shorter vertical analysis windows in the shallow section and longer vertical analysis windows in the deeper section. Since most coherence implementations are designed to use a fixed vertical analysis window, the interpreter simply runs the algorithm using an appropriate window for each zone to be analyzed. Both coherence and curvature are structurally driven algorithms, with coherence computed along structural dip and curvature computed from structural dip (e.g. Lin et al., 2013) .
As for the window, we define the time window height as the half-height of the analysis window, the window itself will always be centered along dip, as in Figure 2 .
Spectral analysis of the seismic data allows us to map the dominant frequency of the seismic source wavelet as well as tuning frequency phenomena. If the dominant source wavelet frequency is 50 Hz, the dominant period is 0.020 s, suggesting a half-window size of 0.010 s for attribute calculation. However, we know that the dominant frequency changes laterally and vertically with thin bed tuning and attenuation effects, such that many areas of the survey will be analyzed using a suboptimum window.
While the scale of half window height, H, is a function of the dominant, or peak, frequency,
(1) the actual size may be a smaller or larger depending on the data quality. For our data we use a size that will be 1.05 times larger. Lin et al., (2013) added dip compensation to spectral decomposition and noted that the apparent peak frequency and the real peak frequency are different by 1/cosθ in the presence of dip θ. Here, we are going to use apparent peak frequency. Figure 4 shows the proposed workflow to estimate seismic attributes suing a self-adaptive window. We will calculate the peak frequency using spectral analysis to estimate the self-adaptive window size.
We will then compute volumetric dip and similarity within the self-adaptive window.
The following single trace example illustrates the workflow. Figure 6 shows us the self-adaptive window curves corresponding to the peak frequency. T he abnormally high value (50 ms) at about 0.4 s for the original selfadaptive window is unreasonable. T he zones indicated by the red arrows accurately estimate the appropriable time window. Figure 6 . T he seismic trace (left), original (blue curve) and smoothed (red curve) peak frequency curves (middle), and the corresponding original (blue curve) and smoothed (red curve) selfadaptive window curves (right). Red arrows show three selfadaptive windows corresponding to the seismic trace.
Application
The data are from Gangdong oilfield within the Bohai Bay Basin of China.There are lots of channel reservoirs, which can be seen on both time and vertical slices through the seismic amplitude volume Figure 7 . Note the strong amplitude reflections (and some velocity push down) seen in the channels in Figure 7 . Figure 8 shows corresponding slices through the smoothed peak frequency volume. The red, yellow and orange arrows in Figure 7 indicate a single meandering channel that crosses line AA' three times. This channel tunes in at about 30 Hz and appears as yellow-green in Figure 8 (indicated by black arrows). In contrast, the relatively straight channel indicated by the orange arrow in Figure 7 tunes I at about 20 Hz and appears as the orange zone in Figure 8 (indicated by the purple arrow). Consequently, the meandering channel is a little thinner than the straight channel.
We found that most of the data exhibit low-middle frequencies (5 -60 Hz). According to the tuning phenomenon, the half-window height would be 4-50. The estimation of seismic attributes can be found Figure 9 . Figure 9 shows of the differences between the two algorithms. Figures 9a and b show the time slice at t=0.6 s through the similarity computed using a fixed user-defined window and using a self-adaptive window, respectively. Figures 9c and d show vertical slice AA' through the same volumes. The zones marked by magenta rrows in Figure 9b are much clearer than the zones in Figure 9a , which means the improvement of horizontal resolution. As for the vertical resolution, the strong user-define constant window artifact (indicated by the black arrow in Figure 9c almost cover the weak signal, while these artifacts disappear in Figure 9d . 
Conclusions
The "optimum" window height for attributes such as coherence is a function of the dominant period in the window. Attributes computed with a fixed user-defined window will generate good images within a given target zone. In the case of laterally variable changes in layer thickness, such as in our Bohai Bay survey, considerable improvement can be made by adaptively defining the vertical analysis window as a function of the peak frequency. Laterally abrupt jumps in window height are minimized by including smooth tapers the upper and lower edges of the window. In the example presented here, the window changes due to lateral changes in tuning frequency. This workflow will also ameliorate depth migrated images where the change in dominant wavelength due to attenuate and increase in velocity with depth may change by a factor of 4-10 from the shallow to the deeper section.
